Microorganisms can degrade lignocellulolytic biomass by producing many extracellular enzymes, such as xylanases and cellulases. Over the last few years, we reported the production of cellulases and xylanases by Streptomyces lividans (20) . Subsequently, we cloned the genes coding for two distinct cellulases and three xylanases (19, 27, (32) (33) (34) . Cloning of the endoglucanase was achieved in the homologous system of S. lividans by functional complementation of a cellulase-negative mutant (32) . In this manner, we succeeded in achieving significant overproduction of an endoglucanase, approaching production levels 850 times that of the wild-type strain. The enzyme was also fully secreted and could be recovered from the culture filtrates. In this article, we report the purification and characterization of a ,B-1,4-endoglucanase from S. lividans. Homology analysis of the primary amino acid sequence of this endoglucanase with that of other cellulases yielded information about the shuffling of cellulose-binding domains and catalytic domains.
MATERIALS AND METHODS
Organisms and culture conditions. S. lividans 66 had been obtained from D. A. Hopwood (John Innes Institute, Norwich, England). Its endoglucanase gene was cloned by functional complementation of a cellulase-negative mutant, S. lividans IAF 8.83, with the multicopy plasmid vector pIJ702 (32) . This mutant had been obtained by mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine by the method of Delic et al. (12) . The clone S. lividans IAF74/8.83 resulted from transforming the mutant with the endoglucanase-encoding plasmid pIAF74. It was maintained on yeast extractmalt extract-maltose (YEME) agar slants containing 50 ,ug of thiostrepton (gift from Squibb Canada Ltd., St. Laurent, Quebec, Canada) per ml. Spore suspensions prepared from * Corresponding author. such cultures with 10 ml of physiological saline (0.9% NaCl) were used to inoculate 100 ml of tryptic soy broth in a 500-ml Erlenmeyer flask containing 5 ,ug of thiostrepton per ml. Incubation was carried out at 34'C on a rotary shaker at 240 rpm for about 30 h. This preculture (5 ml) served to inoculate 100 ml of M-13 medium (7) with D-xylose as the main carbon source. The flasks were incubated at 34'C on a shaker for 48 to 72 h.
Enzyme recovery. The crude enzyme was recovered by centrifugation of the fermentation broth in a Beckman J2-21 centrifuge at 11,000 x g for 20 min. From this supernatant, the endoglucanase was precipitated with 3 volumes of icecold 95% ethanol. After settling overnight, the precipitate was recovered by centrifugation at 11,000 x g for 10 min. The pellet was washed thoroughly with acetone and dried under vacuum overnight. The dried powder could be stored without loss of activity at 4°C for several months.
Enzyme purification. For purification of the endoglucanase, 80 mg of the crude enzyme precipitate was dissolved in 80 ml of 20 mM Tris-HCI buffer (pH 8.5). The solution was centrifuged at 3,000 x g to remove any undissolved particles and passed through a 0.22-p.m Acrodisk filter (Gelman Sciences, Ann Arbor, Mich.). The filtrate was adsorbed directly on a semipreparative Mono Q HR 10/10 ion-exchange high-pressure liquid chromatography (HPLC) column (Pharmacia, Baie d'Urf6, Canada) which had been equilibrated with the above-mentioned Tris-HCI buffer. The enzyme was eluted with the same buffer and a linear gradient of 0 to 1 M NaCl. The elution of the proteins was monitored at 280 nm. Endoglucanase activity contained in the fractions was determined by the cup-plate diffusion assay on carboxymethyl cellulose by Congo red staining as described by Carder (10 Nucleotide sequence accession number. The DNA sequence of the endoglucanase of S. lividans has been deposited at GenBank and carries accession number M82807.
RESULTS
Production and isolation of endoglucanase. Originally, the endoglucanase gene (celA) had been cloned by functional complementation of a cellulase-and xylanase-negative mutant of S. lividans . It was selected from about 22,000 transformants as described earlier (32) . However, for optimal expression of cellulase, the recombinant plasmid pIAF74 was introduced into an endocellulase-negative mutant, S. lividans IAF 8.83 (32) .
Enzyme production in submerged cultures was attempted in media containing Avicel or cellobiose. Both substrates yielded good enzyme levels of 10 to 12 IU/ml of culture filtrate. They were discarded because, during the enzyme purification, it became apparent that the endoglucanase activity was distributed over a series of polypeptides ranging from 46 to 14 kDa. This was shown by SDS-PAGE and zymogram analysis of the culture filtrates (data not shown). Attempts to purify any of these polypeptides, particularly those of larger size, were extremely difficult and resulted in progressive degradation into smaller molecules. A solution to this problem was found by replacing the cellulosic carbon sources with xylose. With this substitution, it became possible to obtain one major endocellulase with an estimated molecular size of about 46 kDa. Optimal endoglucanase levels (20 to 26 IU/ml) were reached after 65 h of incubation at 34°C.
The enzyme was isolated from the culture filtrates by precipitation with 3 volumes of 95% ethanol. The precipitate was recovered by centrifugation and dried with acetone. In this manner, 10 liters of fermentation broth yielded about 20 g of crude enzyme that retained activity when stored at 4°C. Purification of the endoglucanase was carried out in two steps, by HPLC on a DEAE ion-exchange column, followed by separation on a molecular sieve. The results of these purification steps are shown in Table 1 . The relatively large loss in total activity after passage on DEAE is explained by the elimination of the many small active cellulase fragments (see Fig. 2, lane d) . The purity of the enzyme was determined by SDS-PAGE, shown in Fig. 1 , and confirmed by silver staining of an electrophoretic titration curve carried out with the Pharmacia Phast system (not shown). Pure endoglucanase, in the form of a white powder, was obtained after lyophilization of the active HPLC fractions. The enzyme can be stored -20°C without loss of activity.
The cloned endoglucanase from S. lividans IAF74 was compared with that of S. lividans 1326 xylan. It was, however, able to produce small amounts of cellobiose when reacting with Avicel (results not shown).
In a preliminary study, the catalytic specificity of the endoglucanase was assessed against a series of cellodextrins of known degrees of polymerization, ranging from two to six glucose molecules (G2 to G6). The hydrolysis were carried out under standard conditions with 0.1 IU of enzyme and 1 mg of substrate per ml. The enzyme action was followed by HPLC analysis of samples withdrawn at regular intervals over a period of 24 h. The results in Fig. 3 show the hydrolysis patterns obtained after 24 h of incubation. While neither cellobiose (G2, not shown) nor cellotriose (G3) was affected by the endoglucanase, cellotetraose (G4) was degraded partially into G2 and G3, whereas cellopentaose (G.) and cellohexaose (G6) were largely converted into G2, G3, G4, and some G5 and G6. These larger cellodextrins are likely the result of transglycosylation mechanisms.
Localization of the endoglucanase gene and its DNA sequence. The celA gene was located on a 4.0-kb BclI-BamHI fragment from pIAF74 (32) . It was subcloned in both orientations into E. coli by using pTZ19-U digested with BamHI. E. coli carrying recombinant phagemids pIAF272 and pIAF273 did not produce any clearing zones when grown on carboxymethyl cellulose plates. Further exonuclease III deletions of plasmid pIAF272 allowed the expression of the endoglucanase in E. coli (data not shown). Figure 4 shows the nucleotide sequence of ceL4 established by using these overlapping deletions. The N-terminal sequence of the purified mature extracellular endoglucanase was determined (ATGCKAEYTITSQWEG; underlined in 1506 , an open reading frame encodes an enzyme of 46,027 Da that corresponds exactly to that estimated by SDS-PAGE. The base composition of the coding region of the gene (68% G+C) is in good agreement with the G+C content of Streptomyces DNA, with more than 97% C or G at the third codon position. A 14-bp inverted repeat is present from nt 60 to 73. Such a sequence is also found upstream of the cellulase gene of Streptomyces sp. strain KSM-9 (28) and Thermomonospora fusca genes celE2, celE4, and celE5 (23) . There is a good ribosomebinding site at positions 98 to 104; however, no initiation codons (ATG or GTG) can be found. Instead, a TTG codon is located 8 nt from the ribosome-binding site and could be a good candidate for the start codon. The lysine (K) and arginine (R) charged residues that follow are often found at the N terminus of signal peptides. The only other in-frame starting codon ATG (nt 52) is not preceded by any ribosomebinding site or sequence showing any noticeable complementarity to the 3' end of the 16S rRNA. Furthermore, the amino acid composition of the deduced signal peptide would be improper to such a sequence.
Sequence homology with other cellulases. As described for many enzymes that hydrolyze polysaccharides, the endoglucanase contains 23% hydroxyamino acids. The similarity of the predicted amino acid sequence of the endoglucanase was compared with that of other cellulases, and a summary of the homology is shown in Fig. 5 . The first 108 amino acids of the N terminus of the endoglucanase show 52% homology to the consensus "cellulose-binding domain" of the endoglucanase CenA of Cellulomonas fimi and other cellulose-binding domains, as reviewed recently by Gilkes et al. (15) . Although its role in binding to cellulose has not been established, the middle part of the protein reveals extensive homology with the cellulase E5 of T. fusca (23) and other endoglucanases of Bacillus species (13, 30) . The cellulose-binding domain is separated from the catalytic domain by a linker sequence (amino acids 109 to 120). As described elsewhere, this linker is rich in proline and threonine, and its structure is a contiguous triple repeat of the tetrapeptide TDPP. According to Henrissat et al. (17) and Gilkes et al. (15) , endoglucanase A of S. lividans belongs to family A if the catalytic domain is considered.
DISCUSSION
The endoglucanase gene of S. lividans was cloned by functional complementation of a cellulase-negative mutant with the multicopy plasmid vector pIJ702. This approach allowed 850-fold overexpression and full secretion of the enzyme (32) . The remarkable enzyme levels obtained are the result of the homologous cloning in S. lividans. Similar approaches have been reported by Lejeune et al. (24) for Pseudomonas fluorescens var. cellulosa and by Robson and Chambliss (30) for Bacillus subtilis. However, the levels of expression either were comparable to those of the original wild-type strains or resulted in multiple gene products due to unexplained proteolytic processing.
At the outset of this project, enzyme production was carried out in submerged cultures with either Avicel or cellobiose as the main carbon source. Attempts to isolate the native enzyme from these fermentation broths were extremely difficult because the protein underwent fragmentation into smaller, still active peptides. They also reacted with the antiendoglucanase antibodies. Such phenomena are well documented in the literature for endoglucanases and have been reported for cellulases from molds such as Tnchoderma reesei (6) and bacteria such as Clostridium thernocellum (5) . In some cases, proteolytic postsecretional modifications might occur (21) . In fungal endoglucanases, such differences in Mr have been attributed to the degree of glycosylation (29) . This latter hypothesis can be excluded, because the degree of glycosylation of the S. lividans en- zyme appears to be much lower than that of eukaryotic cellulases. Moreover, the size difference between the various polypeptide fragments was considerable, ranging from 46 to 14 kDa. While the existence of cellulosomes in prokaryotes has been reported (2) , such structures are associated with microbial enzyme produced only in presence of crystalline substrates such as Avicel. Therefore, we suspect that the multiple endoglucanase fragments in S. lividans grown on cellulosic substrates are the result of a series of proteolytic events. These aspects will be the subject of further studies.
Production of endoglucanase by S. lividans IAF74/8-83 on D-xylose permitted isolation of the enzyme at its original molecular weight largely intact, as is demonstrated in Fig. 2 . Production of the enzyme on xylose without induction is explained by the gene copy effect obtained with the multicopy plasmid pIAF74 and compares with similar results obtained in our studies on xylanase A (7) .
The biochemical characteristics of the purified endoglucanase from S. lividans are similar to those reported for many enzymes from both eukaryotic and prokaryotic origins (11) . The specific activity of 539 IU/mg of protein determined for the S. lividans endoglucanase is among the highest reported. This result explains the strong viscometric action of the endoglucanase (32) . The kinetic enzyme constants appear not to follow classical Michaelis-Menten kinetics, which is likely due to multiple pathways of substrate degradation, as described by Biely et al. (9) . The results obtained from the mode-of-action studies carried out on commercially available cellodextrins allow only limited conclusions. Although the chemical structure of these sugars corresponds to that of a linear P-1,4-glucan, their small number of glucose residues is likely unsuited for optimal enzyme action. This is reflected in the hydrolysis patterns obtained with the S. lividans endoglucanase shown in Fig. 3 , where degradation increases with increasing substrate length.
The multiple endoglucanases formed on Avicel, cellobiose, and, to a lesser degree, on D-xylose, all of which are immunorelated, as shown in Fig. 2 , might all play specific roles in the degradation of cellulose. Bhat et al. (8) , studying the action of five P-1,4-endoglucanases from Penicillium pinophilum, have shown such to be the case and that modifications of reducing the glycosyl residue of cellooligosaccharides can induce changes in the enzyme's mode of action. Such an enzyme-substrate interaction might explain why the S. lividans endoglucanase produces small amounts of cellobiose when acting on Avicel.
DNA sequencing of the celA gene revealed a 14-bp inverted repeat sequence located from nt 60 to nt 73. Such a sequence has been found immediately upstream of the coding region of the cellulase gene of Streptomyces sp. strain KSM-9 (28) and the celE2, celE4, and celES genes of T. fusca (23) . In the latter, DNase I footprinting and gel retardation experiments showed that, upon induction, this sequence was the target of a positive activator (25 (1, 14) . Moreover, from this codon (nt 109), a typical actinomycete signal peptide follows: 27 amino acids long, a positively charged N terminus (lysine and arginine residues), a long hydrophobic core, and two proline residues at -5 and -4 before the peptidase cleavage site (AQA). Such characteristics have been found also in the xylanase A, B, and C preproteins of S. lividans (33) . Optimum alignment of the deduced amino acid sequence of celA with that of other cellulases showed that the endoglucanase of S. lividans is a combination of two discrete domains connected by a short linker. The N terminus (from amino acids 1 to 108) reveals a high degree of similarity to the cellulose-binding domain of the endoglucanase CenA of Cellulomonasfimi (Fig. 5) . All the tryptophan, glycine, and asparagine residues are conserved, as are the two cysteines near the N and the C ends of the domain. This is likely the cellulose-binding domain of the enzyme needed for attachment of the protein to its substrate. The catalytic domain of CelA of S. lividans, located in the middle part of the protein (amino acids 121 to 330), shows extensive homology to the E5 endoglucanase of T. fusca (23) and cellulases of several Bacillus species (13) . Within this region, the histidine (H-222) and the glutamic acid (E-259) residues are conserved in all protein sequences. This suggests that they may be involved in the active site. From these comparisons, the endoglucanase CelA of S. lividans belongs to family A as defined by Henrissat et al. (17) and Gilkes et al. (15) .
